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It is generally accepted that biodegradation of poly(ether- 
uethane urea) (PEUU) involves oxidation of the polyether 
segments on the surface where leukocytes are adhered. The 
influence of dissolved oxygen, which is known to control 
oxidation of pol)aners in more traditional environments, 
was explored in this study. Specimens treated in vitro with 
hydrogen peroxide-cobalt chloride for 12 days exhibited a 
brittle, degraded surface layer about 10 iim thick. Attenu- 
ated total reflectance-Fourier transform infrared spectros- 
copy of the surface revealed that the ether absorbance at 
1110 cm"-^ gradually decreased with in vitro treatment time 
to 30% of its initial value after 12 days. In contrast, 6 days in 



vitro followed by 6 days in air produced a decrease to 12% of 
the initial volume. Therefore, removing a specimen from the 
in vitro solution after 6 days and exposing it to air for the 
remainder of the 12 days actually resulted in more oxidation 
than leaving it in the in vitro solution for the entire 12 days. 
These results suggest that PEUU degrades by an auto- 
oxidation mechanism sustained by oxygen. By successfully 
modeling the depth of the surface degraded layer with a 
diffusion-reaction model, it was demonstrated that PEUU 
biodegradation is controlled by diffusion of oxygen into the 
polymer. © 1997 John Wiley & Sons, Inc. 



INTRODUCTION 

The revelation that polyetherurethane elastomers 
undergo environmental stress cracking during human 
implantation^ has stimulated extensive research di- 
rected toward identifying the mechanisms of this un- 
desirable phenomenon.^"^ It is now generally accepted 
that the primary chemical mechanism involves surface 
oxidation of polyether segments at sites of leukocyte 
adhesion.^''' The in vivo degradation can be repro- 
duced in vitro with a hydrogen peroxide-cobalt chlo- 
ride system.^'^'^ Hydrogen peroxide and cobalt ion im- 
dergo a Haber-Weiss reaction to create reactive hy- 
droxyl radicals: 

Co-"^ + H2O2 ^ Co"-^-" + HO" + HO- (1) 

Hydroxyl radicals subsequently initiate oxidation by 
abstracting an a-methylene hydrogen atom from the 
poly(etherurethane urea) (PEUU) ether^'^'®: 

— CH2— O— CH2— + HO- CH— a-CH2— 

+ HP (2) 

*To whom correspondence should be addressed. 



It is proposed that chain scission occurs by radical- 
radical combination of the alkyl-polymer radical and 
another hydroxyl radical with formation of a hemiac- 
etal.^ Rearrangement of the hemiacetal causes chain 
scission and produces aldehyde and alcohol end 
groups: 

— CH2— CH— O— CH2— + HO- ^ 

— CH2— CH— O— CH2— 



|h20,h^ 

— ch2— oh + ho— ch— o— ch2— (3) 

I 

OH 

O-CH— O— CH2— + H2O 

This mechanism does not consider the influence of 
dissolved oxygen. Molecular oxygen frequently con- 
trols oxidation of polymers in more traditional envi- 
ronments by sustaining auto-oxidation.^"^ ^ The possi- 
bility that oxygen has a similar role in biodegradation 
of PEUUs has been explored with additional in vitro 
experiments. 
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EXPERIMENTAL 

Materials 

The PEUU was used in previous studies and is fully 
described elsewhere. The PEUU consists of a poly- 
(tetramethyleneglycol) soft segment (M„ = 2000) and a 
methylene di(p-phenyl isocyanate) hard-segment 
chain extended with diamines. The number average 
molecular weight of the PEUU is approximately 
40,000, determined by gel permeation chromatogra- 
phy, relative to polystyrene standards. PEUU films 0.5 
mm thick were cast from a dimethyl acetamide solu- 
tion (20% solids, wt./wt.) onto glass petri dishes. The 
solvent was removed by drying in vacuum at room 
temperature for 3 days. 



In vitro treatments 

Unstrained PEUU films, approximately 5x5 cm, 
were treated in vitro with 100 mL 20% H2O2/O.I M 
C0CI2 at 37°C for 12 days. The treatment solution was 
changed every 3 days. Films were prevented from 
floating to the surface of the treatment solution by 
weighting with glass rods. 



Characterization 

Immediately before and after treatment specimens 
were analyzed by attenuated total reflectance-Fourier 
transform infrared (ATR-FTIR) spectroscopy (Nicolet® 
800 FT-IR spectrometer). The ATR attachment (Har- 
rick Scientific, Inc.) used an optical angle of 60° and a 
germanium crystal with an endface angle of 60°. Spec- 
tra were collected at a resolution of 2 cm"^ for 300 
scans. Oxidation of polyether was measured from the 
peak height of the amorphous aliphatic ether absor- 
bance at 1110 cm^\ v{C—0—C)}^ Peak heights were 
normalized to the aromatic carbon-carbon stretch at 
1591 cm"^. To examine the effect of swelling by hy- 
drogen peroxide, a PEUU film was cast onto a KBr 
disk 1 cm in diameter. Transmission FTIR spectros- 
copy was performed on the dry film. Approximately 2 
mL of hydrogen peroxide (30%) was placed on the 
PEUU film for 15 min at room temperature and then 
removed. The transmission FTIR spectrum of the 
swollen film was obtained iinmediately. The film was 
again analyzed after drying 10 min in the IR sample 
chamber. 

A Varian DS-651 Star System with a 9010 Solvent 
Delivery System and a 9065 Polychrom® ultraviolet 
(UV) diode-array detector was employed for gel per- 



meation chromatography analysis. The eluent was tet- 
rahydrofuran (THF) with a flow rate of 1.0 mL/min at 
40°C. Three columns of highly crosslinked polysty- 
rene-divinylbenzene (PLGel; Polymer Laboratories, 
Inc.) with pore sizes of 500, 10^ and 10^ A were used 
for separation. The PEUU specimens were dissolved 
in THF at 0.1 M LiCl and the UV absorbance at 254 nm 
was used for detection. 

Scanning electron micrographs (SEM) were ac- 
quired with a JEOL® 840-A scanning electron micro- 
scope. All samples were vacuum dried at room tem- 
perature and coated with 90 A of gold prior to scan- 
ning. 

Tlie diffusion of oxygen through PEUU was mea- 
sured at 37°C and 90% relative humidity with a Ox- 
Trans® 2/20 oxygen permeability tester (MOCON®; 
Modern Controls, Inc., Minneapolis, MN). The diffu- 
sion of cobalt into PEUU was investigated by placing 
an 8 X 12 cm, 12-|ULm-thick PEUU film in a diffusion 
cell. One side of the cell contained 280 mL of 20% 
hydrogen peroxide in 0.5 M cobalt chloride; the other 




Figure 1. SEM micrographs of PEUU at 60° tilt, (a) Un- 
treated and (b) treated 12 days in vitro. 
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Figure 2. Tensile stress-strain curves for untreated PEUU film and PEUU film treated 12 days in vitro. 



side contained 280 mL 05 M magnesium chloride to 
equilibrate the osmotic gradient. 

Stress-strain measurements of 0.5-mm-thick PEUU 
films were performed using ASTM 1708 D specimen 
geometry with a strain rate of 100 mm/min. 



RESULTS AND DISCUSSION 

In vitro treatments 

Before treatment, the surface of the PEUU film was 
smooth and featureless [Fig. 1(a)]. After 12 days in 
vitro, the surface exhibited roughening and dimpling 
but no pitting or cracking. In contrast, biaxially and 
imiaxially strained PEUU films treated in this in vitro 
system exhibited extensive pitting and cracking.^'^'^ 
Assuming that chemical degradation by oxidative 



chain scission occurs on both strained and imstrained 
PEUU, the differences are attributed to the effects of 
strain on subsequent events. Pits form when areas of 
localized chain scission open up as a result of the 
stress in the material. With time, small pits 1-20 |xm in 
diameter coalesce into larger pits and cracks.^"^'^ The 
pitting and cracking do not occur in treated films if 
they are not strained during treatment. 

Stress-strain relationships for the PEUU films re- 
vealed a 10% decrease in stress after 12 days in vitro 
(Fig. 2). Otherwise, the shape of the curve and the 
strain at fracture were not affected. The residual strain 
after 24 h at room temperature was the same, about 
2%, for both untreated and treated specimens. Al- 
though the 12-day in vitro treatment had only a mod- 
erate effect on the bulk mechanical properties, SEM of 
the fractured specimen revealed a brittle, profusely 
cracked surface [Fig. 3(a)]. Tilting the specimen to ex- 
pose the fracture plane revealed a crack depth of 10-15 
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Figure 3. SEM micrographs of PEUU film strained to fracture, (a) Treated 12 days in vitro, (b) fracture 
plane of the 12-day in vitro treated specimen, (c) untreated, and (d) fracture plane of the untreated 
specimen. Arrows in (b) and (d) locate the comer formed by the film surface and the fracture plane. 



ixm with no apparent degradation in the bulk [Fig. 

3(b)]. In contrast, the surface and fracture plane of the 
iHitreated PEUU film did not show any physical dam- 
age after straining to fracture [Fig. 3(c,d)]. The depth 
of the cracked layer is consistent with previous stud- 
ies. Creep studies on PEUU in the same in vitro envi- 
ronment also indicated a degradation depth of 10 
|xm.^^ Furthermore, the depth of chemical degradation 
was reported to be 10 |xm in an ATR-FTIR study of 
PEUU implanted for 10 weeks.^ It can be speculated 
that some of the brittle cracking of PEUU that has been 
described in the literature was caused by the handling 
of explanted specimens during retrieval and charac- 
terization. ^'^'^'^"^ 

The surface specificity of PEUU degradation sug- 
gested that oxidation was controlled by diffusion of 
one or more degradative species. Following current 
understanding of the PEUU biodegradation mecha- 
nism, candidate species include hydrogen peroxide, 
cobalt ion, and hydroxyl radicals produced by the co- 
balt-catalyzed dissociation of hydrogen peroxide. It is 
known that pure water swells PEUU 1.1% (equilib- 
rium) by weight, and in the in vitro environment, 
PEUU swells 6.7% (equilibrium) by weight within sev- 



eral minutes.^^ Therefore, both water and hydrogen 
peroxide are available throughout the bulk of the 
PEUU during in vitro treatment. Transmission FTIR 
spectra were collected from untreated PEUU and 
PEUU swollen in 30% hydrogen peroxide (Fig. 4). The 
shift in the ether stretch at 1110 cm~^ to lower frequen- 
cies indicates the presence of water and/or hydrogen 
peroxide in the soft-segment phase hydrogen bonded 
to the ether oxygen. These spectra also show an in- 
crease in hydrogen-bonded urethane carbonyls by the 
decrease in the 1730-cm~^ free urethane carbonyl ab- 
sorbance and the increase in the 1709-cm~^ hydrogen- 
bonded urethane carbonyl. The hard-segment urea 
carbonyl at 1637 cm""*^ is hydrogen bonded before 
swelling and no effect by hydrogen peroxide could be 
measured. All the spectral changes were reversed by 
drying the PEUU film. 

No diffusion of cobalt through a 12-|x-thick PEUU 
film was detected by UV-vis spectroscopy after sbc 
days at 37°C. Additionally, x-ray dispersion analysis 
of the surface and cross section of a PEUU film treated 
for 12 days in the 20% hydrogen peroxide 0.1 M cobalt 
chloride system did not detect any cobalt. Therefore, it 
is assumed that cobalt does not diffuse into the PEUU 



OXYGEN AND BIODEGRADATION OF PEUU ELASTOMERS 



523 



lllOether 




1800 1650 1500 1350 1200 1050 900 

WRVENUMBER 

Figure 4. Transmission FTIR spectra, (a) Untreated PEUU, and (b) PEUU swollen in 30% hydrogen peroxide for 15 min. 



in significant levels and does not catalyze the decom- 
position of hydrogen peroxide in the bulk PEUU. 

If cobalt is not available within the PEUU to catalyze 
decomposition of hydrogen peroxide, hydroxy! radi- 
cals must diffuse into the PEUU from the surrounding 
in vitro solution. Hydroxyl radicals are vigorously re- 
active, with rate constants on the order of 10^ 
s"^,^^ and might be expected to react at the PEUU 
surface immediately after formation. The presence of 
hydrogen peroxide and water in the PEUU offers sev- 
eral pathways by which radicals can transfer rapidly 
into the PEUU from the surface. It is known that the 
hydroxyl radical transfers by reaction with water^^'^^: 

HO- + H2O ^ H^O + HO- (4) 

It is also possible that the hydroxyl radical can transfer 
by an analogous reaction with hydrogen peroxide: 

HO- + H2O2 ^ H2O2 + HO- (5) 

Alternatively, the hydroxyl radical can transfer with 
hydrogen peroxide to create a hydroperoxy radical 
[Eq. (6[a])].^^ The hydroperoxy radical can react with 
another hydrogen peroxide to regenerate the hydroxyl 



radical [Eq. (6[b])]: 

HO- + H2O2 -> H2O + HOO- (6a) 

HOO- + H2O2 ^ H2O + O2 + HO- (6b) 

The hydroperoxy radical found in Equation (6[a]) can 
also abstract an a-methylene hydrogen from the 
PEUU ether. This can subsequently lead to chain scis- 
sion following a mechanism previously proposed for 
in vivo oxidation.^ Therefore, it is reasonable to assume 
that hydroxyl radicals and possibly hydroperoxy radi- 
cals are av^able in the PEUU to initiate oxidation by 
hydrogen abstraction from ether methylenes. Hydro- 
gen peroxide can also act as a chain transfer agent for 
the proposed oxidation mechanism^^: 

— CH— O— + H2O2 — CH2— O— + HOO- (7a) 
HOO- + H2O2 ^ H2O + O2 + HO- (7b) 

Oxygen dependence 

Oxygen is a reactive specie present in vitro and in 
vivo, A series of experiments was carried out to deter- 
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Figure 5. ATR-FTIR peak height analysis of polyether absorbance at 1110 cm"^ v(C — O — C). Percent initial ether = (Amo/ 

^159l)treated/ (Aiiio/Ai59i)untreated ^ 100%. 



mine the sensitivity of PEUU degradation to oxygen. 
Specimens were treated in vitro for 0, 2, 4, or 6 days 
and then without rinsing placed in air (oxygen con- 
centration 0.20 ml/ml * atm) or argon at 37°C for the 
remainder of the 12-day treatment. The ATR-FTIR 
ether absorbance at 1110 cm""^ gradually decreased 
with in vitro treatment time (curve a in Fig. 5). If the 
PEUU was not exposed to the in vitro treatment or was 
exposed for only 2 days, no change in the ether oc- 
curred during subsequent exposure to air (curves b 
and c). In contrast, after 4 days in vitro, the ether peak 
height subsequently remained constant for the first 4 
days in air but then decreased from 50% to 15% during 
the final 4 days in air (curve d), and after 6 days in 
vitro, the ether peak height decreased from 40% to 12% 
during 6 days in air (curve e). However, placing the 
specimens in argon after 6 days in vitro resulted in no 
further degradation (curve f). Removing the speci- 



mens from the in vitro solution after 4 or 6 days and 
exposing them to air for the remainder of the 12 days 
actually resulted in more degradation than leaving 
them in the in vitro solution for the entire 12 days. 

Representative ATR-FTIR spectra of the carbonyl 
stretching region in Figure 6 reveal other features of 
the degradation. In addition to decreases in urethane 
carbonyl absorptions at 1730 and 1709 cm~^, there is a 
change in shape in the carbonyl region of the speci- 
mens treated 6 days in vitro plus 6 days in air com- 
pared to the specimens treated in vitro for 12 days. The 
valley between the 1730 and 1709 cm"-^ disappeared; 
spectral subtraction revealed a new broad carbonyl at 
1716 cm~^ which corresponds to a carboxylic acid car- 
bonyl-stretching absorbance. In addition, a hydroxyl 
stretching, v(0 — H), absorbance near 3300 cm~^ con- 
firmed the presence of carboxylic groups. 

The proposed oxidative mechaiusm of polyether 
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Figure 6. ATR-FTIR spectra of PEUU. (a) Untreated, (b) treated 12 days in vitro, and (c) treated 6 days in vitro followed by 
6 days ir\ air. 



degradation leads to products with carboxylic acid, 
aldehyde, and alcohol moities.^'^ Previously, the ab- 
sence of these absorbances in ATR-FTIR spectra of de- 
graded PEUU was attributed to extraction of the low- 
molecular-weight degradation products into the solu- 
tion (in vitro) or exudate (in vivo).^ When degradation 
occurred in air^ where degradation products could not 
be extracted, the oxygen-containing species were 
found. Additional evidence for extraction of acidic 
degradation products during in vitro treatment was 
the appearance, after 5 days in vitro, of an organic 
surface layer on the treatment solution that could have 
been the oxidative degradation products of PEUU. 
Furthermore, the pH of the in vitro solution decreased 
from 3.62 ± 0.01 to 3.14 ± 0.05 (n = 3) after 12 days of 
PEUU treatment, apparently owing to the presence of 
acidic degradation products, because in the absence of 
the PEUU the pH of the solution increased slightly to 
3.70 ± 0.05 (n = 3) after 12 days. 



Molecular weight distribution by gel permeation 
chromatography (GPC) was also different in speci- 
mens treated 6 days in vitro followed by air treatment 
for 6 days compared to specimens treated 12 days in 
vitro (Fig. 7). After both treatments, the chromato- 
grams broadened compared to the chromatogram of 
untreated PEUU and polydispersity increased from 2.0 
for the imtreated PEUU to 2.6 for the 6-day in vitro and 
6-day air-treated specimens and 2.7 for tt\e 12-day in 
vitrO''tre^ited specimens. However, the chromatogram 
of the specimen treated 6 days in vitro followed by 6 
days in air also shifted to a longer elution time indi- 
cating a decreased peak molecular weight (Table I). 

Auto-oxidation of PEUU 

The solubility of oxygen in water is 0.02 ml/ml • atm 
and may be lower in the aqueous in vitro solution 
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Figure 7. Gel permeation chroinatographs of PEUU. (a) Untreated, (b) 12 days in vitro, and (c) 6 days in vitro followed by 
6 days in air. 



owing to the "salting-out" effect of the cobalt chloride 
and hydroxyl ions from the decomposition of hydro- 
gen peroxide. It seems reasonable to assume that the 
solubility of oxygen in vitro is approximately 0.01 ml/ 
ml • atm. The increased rate of oxidation when oxygen 
concentration increased from 0.01 ml/ml* atm (in 



vitro) to 0.20 ml/ ml • attn (air), and evidence of an in- 
duction period suggest that PEUU degradation fol- 
lows a classical auto-oxidation process. As shown 
schematically in Figure 8, degradation initiates with 
the formation of alkyl radicals on the polymer chain. 
In the presence of oxygen, the polymer alkyl radical 
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reacts quickly to create a more stable peroxide radical. 
When the stable peroxide radical abstracts a hydrogen 
atom from another ether methylene, a hydroperoxide 
group is created which leads to chain scission and 
another polymer radical is formed. As the concentra- 
tion of peroxide radicals increases the oxidation pro- 
cess eventually becomes autocatalytic.^^ Termination 
of the chain reaction occurs by radical-radical combi- 
nation. When the oxygen concentration is low (below 
100 mm Hg partial pressure) termination takes place 
almost exclusively between polymeric alkyl radicals to 
produce a crosslink. The solubility of oxygen in the 
in vitro treatment solution is assumed to be approxi- 



mately 0.01 ml/ ml • atm (8 mm Hg partial pressure), 
and therefore termination of the PEUU auto-oxidation 
is thought to occur by combination of polymer radi- 
cals generating crosslinks. This would confirm a pre- 
vious hypothesis that crosslinking and chain scission 
both occur during PEUU biodegradation.^ 

Many studies^""^^ have shown that the rate of oxida- 
tion for polymers in the solid state is controlled by the 
diffusion of oxygen into the polymer. To test the hy- 
pothesis that diffusion of oxygen into PEUU deter- 
mines the surface specificity of degradation, the rela- 
tionship of oxygen diffusion to the depth of degrada- 
tion was modeled following previous approaches. In 
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Figure 9. Normalized concentration profile of oxygen in PEUU at steady state, where k = 0.035 s"^ and D = 3.4 x 10"^ cm^/s 



this diffusion-reaction model, the net flux of oxygen 
into the PEUU is determined by the diffusion rate less 
the rate of consumption by reaction with polymer 
radicals. Assuming Fickian diffusion of oxygen with a 
constant diffusion coefficient, D, and a reaction rate 
Vq^ the mass balance is described by 



dt 



■ = D- 



(8) 



where x is the depth from the surface into a semi- 
infinite PEUU solid. ^^'^^ This analysis also assumes 
that polymeric alkyl radicals are in excess to oxygen at 
all depths.^ For this assumption to be valid, the ini- 
tiating species (hydroxyl and hydroperoxy radicals) 
must transfer into the PEUU more rapidly than oxy- 
gen. 

It is assumed that oxygen is consumed by an irre- 



versible first order reaction where is an effective rate 



constant 



.23. 



To, = MOJ 



(9) 



This is valid only when the oxygen concentration is 
below 0.13 ml/ml • atm (100 mm Hg partial pres- 
sure).^° Based on the arguments above, the oxygen 
concentration in the in vitro treatment solution meets 
this condition. At steady state, the solution to Equa- 
tion (8) is given by^^: 



2JO 



■ = exp 




(10) 



The effective rate constant k^ includes terms for initia- 
tion, propagation, and termination. It has been shown 
that at low oxygen concentration and steady state, the 
rate of oxygen consumption in the auto-oxidation of 
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TABLE I 

Molecular Weight of PEUU from Gel Permeation 
Chromatography 



TABLE II 

Oxygen Permeability and Diffusion Values 









PDI 


Untreated 

12 days in vitro 

6 days in vitro+ 6 days air 


40,000 37,000 
37,000 38,000 
15,000 19,000 


75,000 
103,000 
51,000 


2.0 
2.7 
2.6 


= peak molecular 
age, n = 2. 

polymers is 


weight; PDI = 




aver- 








(11) 



where is the rate constant for propagation, is the 
rate of initiation, and kf is the rate constant for termi- 
nation. By substitution. 




(12) 



Disregarding the individual rates of initiation, 
propagation, and termination, the overall rate of oxi- 
dation was obtained from the rate of decrease of the 
ether 1110 cm"^ ATR-FTIR absorbance. It is assumed 
that ether loss occurs only by the auto-oxidation 
mechanism, and therefore, one oxygen molecule is 
consumed for each ether luikage destroyed: 



[C-O-C] 
[C-0-C]o 

dt 



(13) 



The assumption that the rate of ether oxidation is 
equal to the rate of oxygen consumption is commordy 
made to measure oxidation rates. The rate of ether 
oxidation was determined at the surface where the 
oxygen concentration is constant and equal to the con- 
centration in solution. It is assumed that because the 
depth of PEUU degradation is on the order of 10 ijum 
and ATR-FTIR measured only to a depth of approxi- 
mately 0.1 ixm, the measured rate of ether oxidation 
was the rate at the surface. 

The concentration of ether linkages in PEUU w£is 
determined from the stoichiometry to be 10 M}'^ A 
similar value for the ether concentration in the upper 
100 A of the PEUU was obtained by x-ray photoelec- 
tron spectroscopy.^ The linear decrease in the ATR- 
FTIR ether absorbance during the initial 4 days of 
treatment gave a rate of ether degradation of 1,36 x 
10"^ M/s. Assuming an oxygen concentration of 0.01 
ml/ml*atm (3.9 x 10"^ M), the effective overall rate 
constant, fc^, for PEUU oxidation in vitro was calculated 
to be 0.035 s"^ from Equation (9). 

To use Equation (10), in addition to the effective rate 
constant, fc^, the diffusion coefficient of oxygen in 
PEUU is required. Table II displays the permeability, 
solubility, and diffusion coefficient for oxygen in 





P X 10^^ 
(cc cm/ 
cm^Pa s) 


D X 10^ 
(cm^/s) 


S X 10^ 
(cc/cc Pa) 


Tempera- 
ture 
(°C) 


PEUU 


0.46 ± 0.04 


3.4 + 0.3 


1.4 + 0.2* 


37 


LDPE24 


2.2 


460 


.047 


5-60 


Butyl rubber^ 


0.98 


8.1 


1.2 


25-50 



^Calculated. 



PEUU, and for comparison, the values for low-density 
polyethylene^^ and butyl rubber.^^ The diffusion coef- 
ficient of oxygen in PEUU at 37°C and 90% relative 
humidity is 3.4 x 10"^ cm^/s, which is similar to that in 
another elastomer, butyl rubber (8.1 x 10"^ cm^/s). 

Using these values for k^ and D, the concentration of 
oxygen versus depth into the PEUU was obtained 
from Equation (10). This analysis (Fig. 9) shows that at 
steady state the reaction of diffusing oxygen is suffi- 
ciently rapid that molecular oxygen penetrates only to 
a depth of 10-15 ixm. As a result, PEUU degradation is 
confined to this depth. Previously, this diffusion- 
reaction concept successfully modeled a 1-mm depth 
of oxidation for artificially weathered low density 
polyethylene (LDPE).^^ The depth of the oxidized 
layer is determined by the ratio k^/D in Equation (10). 
The larger depth of the LDPE-oxidized layer com- 
pared to PEUU reflected a much lower value of k^/D 
(5.7 cm^ for LOPE and 10^ cm^ for PEUU). Both a 
higher diffusion coefficient for oxygen in LDPE (460 x 
10"^ cm^/s) and a smaller rate constant for oxidation 
were responsible for the smaller k^/D of LDPE. 

The preceding analysis of in vitro oxidation has im- 
plications for the in vivo degradation of PEUU- As 
reported previously, the in vitro system mimics many 
features of biodegradation. Specifically, implanted 
PEUU that is not stabilized by antioxidants exhibits an 
oxidized surface layer of about the same depth, 10 jxm, 
as the PEUU treated in vitro.^ This suggests that the 
diffusion-reaction model is also applicable to in vivo 
oxidation. It has been proposed that hydroxyl and hy- 
droperoxy radicals, available at the interface of adher- 
ent leukocytes with the PEUU, are responsible for in 
vivo oxidation.^ It appears that the local concentration 
of these radicals is high enough to sustain auto- 
oxidation of the PEUU using oxygen from the extra- 
cellular fluid and/or from nonradical products of the 
leukocyte respiratory burst.^^ 



CONCLUSIONS 

This work demonstrates that PEUU degradation is a 
surface phenomenon resulting from a classical auto- 
oxidation mechanism. By modeling the depth of the 
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surface degraded layer with a diffusion-reaction 
model, it is shown that PEUU degradation is con- 
trolled by diffusion of oxygen iiito the polymer. Cor- 
respondence between the calculated depth (10-15 |xm) 
and the depth of the degraded layer determined for 
PEUU treated in vitro and in vivo suggests that biodeg- 
radation of implanted PEUU at the cell-polymer in- 
terface is sustained by an auto-oxidation mechanism. 
Although the chemical reaction is confined to a sur- 
face layer, the physical effects may be more profound. 
If the PEUU is strained, the brittle, degraded layer can 
pit and crack. With time, the cracks can propagate into 
the bulk of the PEUU, leading to failure of the film or 
coating. 

The authors extend appreciation to Professor Charles Rog- 
ers and Dr. Eugene Stepanov for their helpful discussions, 
and to the National Institutes of Health (Grant HL-25239) for 
their generous financial support. 
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ABSTRACT: Polyurethanes have unique mechanical and biologic properties 
that make them ideal for many implantable devices. They are subject to some 
in vivo degradation mechanisms, however. Polyester polyurethanes are subject 
to hydrol3rtic degradation and are no longer used in long-term implanted de- 
vices. Polyether polyurethanes, while hydrolytically stable, are subject to ox- 
idative degradation in several forms, including environmental stress cracking 
and metal ion oxidation. Mineralization is also known to occur. A new polycar- 
bonate polyurethane has superior biostability in early in vivo qual^Qcation 
tests compared to the polyether polyurethanes, including no evidence of 
hydrolysis, ESC or MIO. 



INTRODUCTION 

The word "polyurethane'* can be applied to a huge number of differ- 
ent compositions with surprisingly varied applications. This paper 
is concerned with one subset of the polyurethane family of materials 
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which has enormous utility and potential in the implantable biomed- 
ical device field. These are the poljrurethane elastomers and engineer- 
ing thermoplastics. Generally speaking, those used in medical devices 
are block copolymers consisting of aromatic or aliphatic polyurethane 
''hard segments" and aliphatic polyester or polyetiier ''s<rft segments." 
These polymers have unmatched combinations of physical, chemical, 
electrical and biological properties. As a general rule, they offer high 
tensile strength and elongation, high tear strength, excellent wear re- 
sistance, and superior biocompatibility (including blood compatibility). 
They are excellent electrical insulators. Depending on the ratio of hard 
to soft segments and the molecular weight of the segments, one can 
vary the hardness, lubricity, flexibility (elastic modulus) and many 
other properties. Thus, polyurethane elastomers have been extensively 
evaluated for use as artificial heart diaphragms, heart valves, joint 
prostheses, vascular grafts, urethral catheters, manunary prostheses, 
penile prostheses, and many other devices intended for long-term im- 
plant. The polyester polyurethanes were used until only recently as 
coverings for breast prostheses. Polyether polyurethaine elastomers 
have been used as insulation for neurologic leads since 1975 and car- 
diac leads since 1977. Rigid polyether polsrurethane is used in connec- 
tor modules for implantable cardiac pacemakers, defibrillators and 
neurologic stimulators. 

While the use of polyurethanes elastomers in medical devices has 
contributed greatly to an improved quality of life for many patients, the 
full promise of these materials has yet to be fulfilled. The (aliphatic) 
polyester polyurethanes are subject to hydrolytic degradation, there- 
fore, they are no longer used in long-term implantable devices. The 
softer grades of polyether polyurethanes used in implanted electro- 
stimulators are subject to stress cracking and autoxidative phenom- 
ena, whereas the hardest grades are inherently more stable. Contro- 
versy developed in the pacing indiistry based on higher than expected 
failure rates in some devices and excellent durability in others. In spite 
of the fact that manufacturers appear to have learned how to make im- 
plantable polyurethane insulated leads with acceptable to excellent 
longevity, the litigious environment in the United States has driven 
some polymer suppliers to make their materials unavailable for im- 
plantable devices in the near futvire [1]. As we move into the mid 1990s, 
therefore, the biomedical device industry is faced with the need to find 
replacement polymers in addition to the ever present desire to develop 
improved materials and devices. Promising new elastomers based on 
polycarbonate polyurethane chemistry are in the process of being 
qualified for long-term implantable use. 



Downloaded from http:/.^ba.sagepub.com by guest on July 2, 2007 
@ 1995 SAGE Publications. All rights reserved. Not for oammBrcial use or uruuthorized distribution. 



Polyurethane Elastomer Biostabilify 323 

POmJRETHANE CHEMISTRY AND PHYSICS 

Fblyurethane Elastomer Chemistry 

The term 'hirethane'^ refers to the carbamate linkage as shown in 
Equation (1). In polymers, this is typically made by the addition of an 
isocyanate to a hydroxyl where 

? 

S-IM>0 + BO-R» ™> H-H-C-O-R' . 

O 

Isoeyanat* carbanat« (ur ethane) 

Polymers composed only of isocyanate and alcohol reaction products, 
however, are not usually iised in implantable biomedical devices. The 
elastomers used in implantable devices are typically block copolymers 
based largely on other chemistries^ such as polyester or polyether, 
linked together by urethane or urethane and urea segments. They are 
usually the addition products of relatively high molecular weight 
polyester or polyether diols with an excess of diisocyanate. The polymer 
is then 'V^hain extended" by the addition of a short chain diol or di- 
amine to the desired stoichiometry. Alternatively, some polymers are 
made continuously with a twin screw extruder. The mixed soft segment 
and chain extender can be metered into one side and the isocyanate me- 
tered into the other side, or an isocyanate/chain extender adduct can be 
used with the soft segment diol. The end groups can be hydroxyl or iso- 
cyanate, depending on the stoichiometry, or the polymer can be "end 
capped" with a reactive monofunctional molecule. If the polymer is iso- 
cyanate terminated, then the end groups in the finished poljoner can 
react with urethane linkages or, in some cases, urea groups in the main 
chain to form crosslinks as shown in Equations (2) and (3). 



T 

R-O-C-H-R' + RX-ll-OO > R-K-H 



O 



R-0-C^-R< 



C-0 allopbanate (2) 
I eiroaa-linlc ^ ' 



f f 

R-H-C-MoR' + Ro-H-C-O > 



O 



R Lo biuret (3) 
R-R-C-H-R* 
O 

Such allophanate or biuret crosslinks are thermally labile at tempera- 
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0 0 OH 

II II 

-(O-C-C!^CHJCHJCI^-C-0-CHJCHJa^CH,),-K)-CC-H-CJH,(CI^)-M■-C 

H 0 

(adipate polyester eoft aagunt) (toluene diisoeyanate/tnitane diol hard 

segment) 



Figure 1. Topical aromatic polyester (adipate) polyurethane hard and soft segments. 

tures below those used for thermal processing. During extrusion, the 
isoi^anate end group is reformed. Because it is nearly impossible to 
completely and absolutely dry the polymer before extrusion or mold- 
ing, the freed isocyanate end groups will preferentially scavenge any 
residual moisture to form amine end groups and a trace of CO2. Thus, 
isocyanate terminated polymers are t5rpically crosslinked and insolu- 
ble prior to thermal processing, but can be dissolved in appropriate sol- 
vents after extrusion or molding. 

Of course, there are many possible soft segment diols, isocyanates and 
chain extenders that could be used. The most common polyester poly- 
urethane elastomers are made with an adipate soft segment and a 
toluene diisocyanate/butane diol hard segment as shown in Figure 1. 
All polyether polyurethanes used in implantable devices use poly- 
tetramethylene oxide diol (PTMO) as the sdft segment (Figures 2-4). 
The hard segments are made either with methylene bis phenyl diiso- 
cyanate (diphenyl methane diiso(yanate, MDI, Figures 2 and 3) or 
methylene bis qrclohexane diisopyanate (CHDI, Figure 4). Some poly- 
ether polyurethanes use 1,4 butane diol (BD) as a chain extender 
(Figures 2 and 4), others use aliphatic diamines (Figure 3). The newest 
pol3rurethane elastomers substitute a polycarbonate soft segment for 
the PTMO, as shown in Figures 5 and 6. 

At present, only polyether polyurethanes are used in implantable de- 
vices. These are either the Fellethane 2363® series of thermoplastics 
(Figure 2), or polymers similar to Biomer® (Figure 3). The Pellethane 
2363 series has a PTMO soft segment with MDI/BD hard segments. It 
is offered in various Shore hardness and end group categories. The iso- 
cyanate terminated polymers have designations ending in A, while the 
hydroxyl terminated polymers end in AE. The very flexible Shore 80 
polymer has the highest molecular weight PTMO diol, whereas the 
more rigid 75D material has the shortest. Most cardiac pacing leads 



Bellethane 2^63^^ is a registered trademark of The Dow Chemical Co. 
Biomer* is a registered trademark of Ethioon, Ina 
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? T 

- 1 ( CKjO^CHjCHj-O) J,- < C-ll'-C^CH2C^H,*N-C'K>'<3lfCH2CB2CB|<-0) y ] 

H 0 

(PTMO ©ther soft aegtiBnt) (MDI/BD hard segment) 



Figure 2. lypical aromatic polyether polyurethane hard and soft segments. 



0 H H 

1 I I 

-( (CH2CH2CH2CH2-0)^-(C-H-C4H^CH2C^Hj-N-C-N-CH2CH2-N-)y 

H OH 
(PTHO ether soft eegmant) (HDI/EDA hard segnent) 

Figure 3. Typical aromatic polyether polyurethane-urea hard and soft segments. 



0 H 

1 t 

- 1 (CHjCHjCHjCHjO) ( (»rC^H„CHjC,H,pHa>CHjCHjCHjCHjO J ^ ] 

K O 
(PTHO ether soft BegMnt> (CHDI/BO herd eegaent) 

Figure 4. Typical aliphatic polyether polyurethane hard and soft segments. 



f f f 1 

H O 

(polycarbonete eoft eegMent) (CHDI/BD hard eegment) 



Figure 5. Typical aliphatic polycarbonate polyurethane hard and soft segments. 



I I ? ? 

H O 

(polycarbonate eoft segnant) (MOZ/BD bard segnent) 



Figure 6. Typical aromatic polycarbonate pol3^urethane hard and soft segments. 
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have been insulated with extruded Pellethane 2363-80A or 56D, 
although some have been made with Pellethane 2363-90A. Mai^ im- 
plantable pulse generator connectors are made of iiqection molded 
Pellethane 2363-75D. 

A relatively small number of cardiac pacing leads are insulated with 
a Biomer-like polymer, Surethane* (Figure 3), Structurally, this is sim- 
ilar to Pellethane 2363-80 A^ but the 1,4 butane diol chain extender is 
replaced with a diamine. This polyether polyurethane-urea cannot be 
reliably converted by conventional thermoplastic processes because the 
urea functionality decomposes at temperatures below those required 
for extrusion and injection molding. Thus, it must be applied from sol^ 
vent. 

Several other polyether polyurethanes have been evaluated for use in 
implantable devices, but so far have found utility primarily in devices 
intended for temporary use. Ifecoflex® (Figure 4) is a series of polymers 
similar to the Pellethanes, except that a cycloaliphatic diisocyanate 
(CHDI) has been substituted for the MDI [2]. Tbcothane^ is reportedly 
structiirally similar to Pellethane 2363 (Figure 2) [3]. 

The newest polyurethanes substitute a polycarbonate soft segment 
for PTMO. ChronoFlex AL* has a cycloaliphatic (CHDI/BD) hard seg- 
ment with hydroxyl end groups (Figure 5) [4]. ChronoFlex AR® is a 
polycarbonate analogue of Biomer with an MDI/BD hard segment Cor- 
ethane® uses the same soft segment with an aromatic MDI/BD hard 
segment (Figure 6) [5]. 

R»lyurethane Elastomer (Molecular) Physics 

The polyurethane elastomers derive their unique ph3^ical properties 
from their segmented structure and the relatively easy formation of 
significant hydrogen bonding in their hard segments. Immediately 
upon cooling from the melt, or evaporation of solvent, the polymer is 
relatively amorphous and phase mixed. With time, the hard and soft 
segments separate into separate phases, like oil in water (Figure 7) [6]. 
The soft segments are usually thought to remain amorphous, but the 
hard segments tend to crystallize as shown in Figure 8. The phase- 
separated hard segments then act like reinforcing fillers for the more 



Suretbane* is a registered trademark of Cardiac Control Systems, Inc. 
Tfecoflex* is a registered trademark of Thermedics, Inc. 
Ibcothane* is a re^stered trademark of Thermedics, Inc. 
ChronoFlex AL* is a registered trademark of PolyMedica, Inc. 
ChronoFlex AR* is a registered trademark of R)IyMedica, Inc. 
Corethane* is a registered trademark of Corvita, Inc. 
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Figure 7. Schematic hard and soft segment domain structure. Reprinted from Bonart [6]. 

amorphous soft segments in a micro domain structure such as that 
shown in Figure 7. Annealing can increase the degree of phase separa- 
tion and crystallization. 

The polyurethane elastomer^s phase separation with hydrogen 
bonded crystallinity in the hard segment produces the unique proper- 
ties of this class of materials. Mechanical properties change with time 
just after processing as phase separation occurs. Thus, it is critical, per- 
haps more so than with other classes of polymers, to allow adequate 
conditioning time before property measurements are made. Once 
equilibrated, tensile strength typically is in the 6000 to 8000 psi range 
with ultimate elongations from 400 Qiarder polymers) to 700% (softer 




Fiffure 8. /8-Pleated conformation of phase separated, crystalline aromatic polyurethane 
hard segments, Beprinted from Bonart [6]. 
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polymers). The die C tear strength is typically in the 400 to 600 pli 
range. Elastic moduli range from very flexible to rigid. In comparison, 
the typical "MDX" silicone rubber has about 1000 psi tensile strength 
with about 350% elongation and about 70 pli tear strength. The ETR 
(enhanced tear resistant or '^ough'O silicone rubbers typically have sig- 
niAcantly higher elongations and tear strengths of >200 pli. 

While the polyurethane elastomers have excellent mechanical and 
biological properties for use in implanted devices, their utility extends 
only as far as their biostability allows. 

THE BIOLOGIC ENVIRONMENT AND BI0ST4BILITY 

The mammalian body is an incredibly harsh environment for a 
foreign material and an implanted device. While much has been 
learned about the implant environment, there is much more that re- 
mains to be learned. Polyester polyurethanes were investigated exten- 
sively for use in the artificial heart, until their susceptibility to hydro- 
\ytic degradation was recognized [7,8]. The polyether polyurethanes 
were believed to be the answer, since they are hydrolytically stable 
under most in vivo conditions. Long-term premarket biostability test- 
ing was done on two Pellethanes and Biomer [9-13]. It was not until 
Pellethane was used in marketed devices that several previously un- 
known oxidative failure mechanisms were discovered that affect the 
polyether soft segment [14]. Tb overcome this susceptibility to oxidative 
failure, polycarbonate polyurethanes have been suggested to provide 
both hydrolytic and oxidative biostability. Before their biostability can 
be addressed, however, the in vivo environment and the biodegradation 
mechanisms affecting their polyester and polyether precursors will be 
reviewed. 

The Humoral Environment 

The intracellular and extracellular fluids (interstitial fluids, blood 
plasma, cerebrospinal fluid, intraocular fluid, etc) constitute the hu- 
moral environment [15]. The total amount of water in an average (70 
kg) man is about 40 liters, or an average of 57% of the body weight. 
Water is, of course, the primary agent for hydrolytic degradation. Other 
components of the humoral environment may vary, but in general in- 
clude electrolytes (primarily Na*, K*, Ca**, Mg*% CI", HPO;, SO;, 
HCOiX proteins and nonelectrolytes such as phospholipids, cholesterol, 
neutral fat, glucose^ urea, lactic acid, uric acid, creatinine, bilirubin, 
bile salts, and mai^ more. 
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Polyurethane Hydrolysis 



The aliphatic ester Knkages in polyester polyurethanes are suscepti- 
ble to hydrolsrtic degradation where [16], 

o o 

> I (4) 

R-CHjC-O-CHj-R' + HjO > R-CHjC-OH + HO-CHj-R* . ' 



The unique toughness, flexibility, and blood compatibility of polyester 
polyurethanes made them ideal candidates for blood pump diaphragms 
and other implantable devices until their susceptibility to hydrolysis 
was recognized. Their use in plastic and reconstructive surgery ini- 
tially appeared promising with minimal acute inflammation. Thin 
fibrous capsules formed with good fixation due to ingrowth into pores. 
However, they degraded and became fragmented within months as a 
result of hydrolytic decomposition. In spite of this, many plastic siir- 
geons preferred to use breast implants with a thin coating of polyester 
polyurethane foam. Tbday there is considerable controversy over the 
biocompatibility of the degrading polymer [17-19]. 

The urethane linkage is not considered to be susceptible to hydrolysis 
under ordinary physiologic circumstances. At elevated temperatures, 
such as are encountered in extrusion or injection molding, damp 
polymer can hydrolyze if not thoroughly dried. 

H O 

R-M-C-O-R' + HjO > R-MHj + R'-O-C-OH > CO^ + HOR* (5) 

O 

0 O HOR« 

Thus, while aliphatic ester-free polyurethanes are considered to be 
hydrolytically stable after they are implanted, degradation can be ini- 
tiated during the manufacturing process which can result in physical 
defects (such as bubbles) and reduction in physical properties. The for- 
mation of bubbles, even if microscopic, may be of significance, espe- 
cially with regard to mineralization [20]. It is, therefore, critically im- 
portant that the resin be thoroughly dried, preferably to <0.1% water 
by weight, prior to extrusion or molding. The same is true of solvent- 
based applications or analytical techniques, including molecular 
weight determinations. 
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The in vivo Oxidative Environment 

With rare exceptions, such as nonthrombogenic surfaces in blood con- 
tact, implanted devices do not interface directly with the tissues they 
were designed for. In most cases, the actual chronic tissue interface is 
(from the device "oufO the biomaterial surface, a layer or layers of 
foreign body giant cells and/or macrophages, then a fibrotic capsule 
composed primarily of collagen containing phagoqrtic cells and fibro- 
blasts and finally, the native tissue [21]. The cellular component of the 
foreign body reaction can have a major efiect on an implanted 
material's biostability [22]. When activated, these cells can release nu- 
merous enzymes and oxidants, some of which are considered to be of 
significance for the biostability of an implanted material [22], Perhaps 
the most important appear to be the oxidants (H2O2, Oi, HO') and 
hydrolytic enzymes [21-29]. The details of the foreign body response to 
implanted devices have been covered elsewhere [21,22]. Even devices 
implanted in tissues with very low oxygen tension can be exposed to 
significant amounts of highly reactive oxidants as a result of the ubiq- 
uitous foreign body response. Compared to the worldly environment, 
the oxygen tension in the venous system and most other tissues is very 
low. Thus, at first one might think that autoxidation at clinically sig- 
nificant rates is not favored in these tissues. However, inflammation 
and the foreign body response result in the release of oxidants (includ- 
ing H2O2, O2 and "OH) directly on the surface of the device These can 
interact with themselves, the polymer (and other device components) 
and the autoxidation kinetic chain in various ways including [30]: 

HO* * HjOj > HjO + •OOH (7) 

fT + *0OH > (M-OOH)^^ (8) 

HOQ* + HjOj > HjO + Oj + *0H (9) 

HOO* > Oj- + H* (10) 

These free radicals have very short half lives and can be effective over 
only very limited distances. Thus, oxygen free radicals will have the 
greatest effect immediately under the cells, on the device surface 
[31-33]. They will initiate and propagate autoxidation from the outside 
of the biomaterial inward. In this case, autoxidation will be observed 
initially as surface defects. More stable oxidants, such as H2O2, may 
migrate into the biomaterial to decompose within the polsrmer or on 
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metallic components within the device [34]. In this case, H1O2 can 
initiate and propagate degradation from the inside of the device^ out- 
ward. 

^tcxxidation Mechanisms of Polymers in Greneral 

Autoxidation has been defined as the thermal oxidation that takes 
place between room temperature and about 150^0 and takes place by 
a typical free-radical chain reaction [30], All organic polymers are sus- 
ceptible to autoxidation to varying degrees. The rate of degradation 
varies dramatically as a function of the polymer's structure and the 
presence of catalysts. The complex autoxidation chain reaction is self 
propagating once started. The initiation reaction yields products that 
can themselves react spontaneously with polymer molecules. The ma- 
jor steps in the chain can be generalized, where P = polymer [35]: 

Initiation 

PH ~S— > p* + H* (H* abstraction) pr (H) 
PP --«-.-> p* -f p* (chain elaavaga) , (12) 

X can include radiation, light, heat, ultrasonics, mastication, strain, 
metal ions, nascent oxygen, ozone, etc Thus, initiation t3rpically occurs 
during processing operations involving heat and shear, such as pelletiz- 
ing, compounding, extrusion, or injection molding. Autoxidation is usu- 
ally initiated by abstraction of a hydrogen atom [Equation (11)]. When 
the material is under tension, however, chain cleavage [Equation (12)] 
can predominate. Initiation can be random or site specific Random in- 
itiation is more probable in hydrocarbon polymers such as polyethylene 
or polypropylene The rate determining step is usually hydrogen 
abstraction [30]. The ease of hydrogen abstraction depends on the type 
of CH bond present. For example, hydrogen atoms a<]b*acent to carboxyl, 
carbonyl and other electron withdrawing groups are more easily 
abstracted by free radicals. Thus, initiation tends to be site specific in 
poisoners such as polyamides, polyethers, and polyesters. 

Hydroperoxide Formation 

P* Oj — > POO* (13) 

POO* -f. PH > POOH + P* (14) 
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Oxygen is ubiquitous in the ordinary environment and the reaction 
between polymer free radicals and oxygen is extremely rapid. Thus, the 
concentration of peroxy free radicals is much greater than polymer free 
radicals and polymer hydroperoxides are ubiquitous. On the other 
hand, the concentration of l^rdroperoxides in polymers is usually so low 
that they are not detectable by ordinary analytical techniques. Even at 
very low concentrations, th^ can be of significant importance in subse- 
quent degradation reactions. 

Propagation 

Propagation of the chain reaction usually begins with degradation of 
the iQrdroperoxide groups. However, polymer hydroperoxides are typi- 
cally resonance stabilized so that they can exist for substantial periods 
of time without degrading. They are relatively easily decomi>osed by 
catal3rsts ( Y) such as light, heat, free radicals, or metal ions. 

POOH — 2U«,> PO* + *0H (42 Kcal/mole) (15) 
POOH -J — > P* + *00H (70 Xtial/mole) (16) 
POOH — POO* + *H (90 Kcal/TOle) (17) 

Under ordinary conditions, the low dissociation energy favors Equa- 
tion (15), although it is difficult to say what constitutes "ordinary" in 
implanted devices. Topical degradation products include carbonyl and 
hydroxyl groups. The reaction can take many paths which, depending 
on the conditions, can have few or many steps. The number of propaga- 
tion steps started by a single initiation reaction is defined as the ki- 
netic chain length. A few of the more straightforward possible steps in 
the kinetic chain include: 

PO* * 'PH > POH + 'P** (18) 

POO* + 'FH > POOH + (19) 

POOH + "PO* > POO* + 'POOH (20) 

POOH + HO* > POO* + HjO (21) 

Termination 

Eventually, termination reactions occur to produce nonreactive prod* 
ucts. If the oxygen partial pressure is low (<100 mm Hg), then 



Downloaded from h11p://jba.sagepub.com by guest on July 2, 2007 
® 1995 SAGE Publications. AIJ rights reserved. Not for commercial use or unauthorized distribution. 



Polyurethane Elastomer Biostability 



333 



POO* + P« > POOP* (22) 

p* + *p» > pp« (23) 

PO* -K *p» > POP' (24) 

Under these conditions, the reaction is not well sustained due to a 
lack of oxygen and it has a relatively short kinetic chain length. If the 
oxygen partial pressure is relatively high ( >200 mg Hg), then the pre- 
dominating terminating reactions include: 



3P00* 



-> POOP + 0, (25) 



Thus, oxygen needed to sustain the reaction can be regenerated, ex- 
tending the kinetic chain length* 

Metal Ion Oxidation (MIO) 

Implanted polyether poljoirethane devices which contain metallic 
components may be subject to bulk oxidation catalyzed by corrosion 
products. This mechanism, called metal ion oxidation (MIO) was dis- 
covered and characterized in implanted polyether polyurethane in- 
sulated cardiac pacing leads [14], The metal alloy conductors inside the 
lead have no effect on the polymer under laboratory ambient condi- 
tions. Neither does H2O2. The presence of H2O2 and the metal alloys, 
however, can produce a synergistic acceleration of autoxidation in vitro. 
Some of the reactions that can be specific to MIO (in addition to the 
above autoxidation mechanism per se) are as follows: 

ir ♦ HjOj > HO-O-H* + M<"*^»* (26) 

jr* + HO* > HO- + M*"*^** (27) 

IT + Oj > + 0^ (28) 

Oi= + > BOO* (29) 

Oj- + PH > PO* + HO" (30) 

MTO, > (M-0,).^,„ (31) 

(«^0i>«i,4«j + yrvKS) — > M<«"*x- + Hoo* + vr (32) 
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(where X can be, but is not limited to polymer) 

it ; PH 

FH 

ir»*Oj* > BOO* + p* + ir* 

In several of the above equations, metal is oxidized. This has sig- 
nificance because transition metals can initiate polymer oxidation 
directly where; 

hci»h)* + pa y p* + ir * r (34) 

In addition, metal ions can also react with polymer hydroperoxides to 
propagate the reaction. 

M*"**"* + POOH > + POO* + H* (35) 

+ POOH > + PO* + HO" (36) 

Metallic corrosion products can react with some of the products of 
degradation. For example, 

+ Ho^oH > + RC*HOH + (37) 

ii<»^i>* + scHo > Mr + iKf-0 + r (38) 

Equations (34)-(38) are of particular interest since we have recently 
verified that MIO can occur within cardiac pacing leads in locations 
where there was no fibrotic encapsulation. Therefore, no foreign body 
response was present; therefore, no H2O2 was involved. Given the ex- 
tremely low oxygen tension in these tissues, it appears that MIO can 
occur by anaerobic processes as well as by autoxidation. 

Coury et aL, determined in vitro (in distilled water at 70 or 90 °C) 
that the oxidation potential of an ion must be > about 0.8 V to oxidize 
a polyether polyurethane [36]. In his studies, Co (11) (as CoCU) does not 
attack the pol3rmer, having too low an oxidation potential. Co (lU) does 
have a high enough oxidation potential, but this exceeds that required 
to oxidize water (E° = 1.2 V). Thus, in distilled water, simple cobalt 
salts do not provoke MIO. Nonetheless, based on in vitro tests at 37°C 
in 3% H2O2 and in real time (two years) in vivo studies using metals per 
se (not metallic salts), we have shown that the most likely catalyst for 
MIO in polyether polyurethane insulated leads is a cobalt species [34]. 
It must be kept in mind that the oxidation potentials listed in the 
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Handbook of Chemistry and Physics are determined in distilled water 
at standard temperature and pressure [37]. While the environment 
within a pacing lead is not well understood, it is certainly not distilled 
water. The oxidation potential of an ion depends on its environment 
and what it is dissolved in or complexed with. It is reasonable, in fact, 
to assume that a metal ion can complex with additives within the 
polymer, including the antioxidant and extrusion lubricant (a bis 
stearamide ''wax") as well as with the polymer per se [38]. Complexa- 
tion can significantly increase an ion's oxidation potential, as ex- 
plained by Pauling's valence bond theory. For example, the arrange- 
ments of electrons in the 3d level for Co (II) are shown in Figure 9. As 
a simple ion, the 3d level has two shared pairs and three singlet elec- 
trons. When complexing occurs with octahedral coordination of the 
metal with cyanide, for example, the use of two of the 3d orbitals for 
d^sp^ hybridization requires that one 3d electron is promoted to the 
nearest vacant orbital of higher energy, which is the 5s orbital. The 
electron can be easily lost from this high energy level so that oxidation 
to the trivalent anion occurs easily. Similarly, the complexes of metallic 
corrosion products with electrolytes, proteins, lipids, polymers, bis 
stearamide wax, etc. could be much stronger oxidants than the base ion 
per se. Such complexes could have high enough oxidation potentials to 
attack the polymer, but less than the 1.2 V needed to oxidize water. 

The metal alloys presently used for pacing lead conductors, ]VIP35N 
and Elgilqy, both contain cobalt. So far, a cobalt-free allqy has not been 
found that has adequate flex-life, conductivity, mechanical strength, 
and corrosion resistance. If such an alloy were developed, however, MIO 
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Figure 9. Schematic representation of the electronic configuration of the outer (transi- 
tion) orbitals of the cobalt n ion. The top schematic represents a cobalt II ion in solution 
in distilled water. The bottom schematic shows how the oxidation potential of the ion can 
be increased significantly by complezation. 
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Figure 10. Scaiming electron micrograph showing the surface of a Pellethane 2363-80A 
insulated cardiac pacing lead implanted in a canine for two years. The surface on the left 
was left undisturbed. That on the right was gently scraped with a scalpel. The surfece 
shows infrared evidence of oxidation, especially with loss of PTMO ether at about 1075 
cm"* compared to urethane ether at about 1105 cm"^ 



resistance would not be assured, since we cannot rule out MIO by other 

transition metal ions. This is especially complicated by the fact that 
the oxidation state of the metal ion involved in MIO is unknown. 

Sur£ace Oxidation and Microcracking 

Microscopic inspection of explanted polyether polyurethanes often 
reveals very shallow, random, brittle cracks on the surface (Figure 10). 
These cracks are only microns deep and do not seem to propagate 
deeper as a function (^tima FTIR using ATR reveals that the polymer 
on the surface is in fact oxidized (Figure 11) [39], It has been observed 
that the occurrence of this phenomenon decreases as the hardness of 
the polymer increases (the ether concentration decreases). Therefore, it 
is more prevalent on Pellethane 2363-80A than 55D surfaces, and has 
not been seen on Pellethane 2363-75D surfaces. 

It is believed that this surface oxidation and microcracking is the 
result of direct exposure to the cellular components of the foreign body 
response [21,22,31-33]. The degradation is believed to follow the 
mechanisms outlined in Equations (7), (8), (10), and (11) through (25), 
above. We believe the oxidant is oxygen free radicals, such as Oi and 
*OH released from cells on the device surface. Autoxidation is a di£Fu- 
sion limited process. In solids, autoxidation kinetics are not usually 
linear [30]. The initial "induction period** is followed by an autoaccel- 
eration phase where the bulk of the reaction occurs on and near the 
surface. The subsequent autoretardation phase can be attributed to the 
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need for the oxidant to permeate into the bulk to continue the reaction. 
If indeed this surface oxidation is the result of a reaction between 
polymer and oxygen free radicals, then diffiision of those fr^e radicals 
into the bulk is highly improbable because of their high reactivity. It is, 
therefore, reasonable to expect that this surface reaction will slow 
markedly within a few microns of the siuface^ and possibly even ter- 
minate. 

Environmental Stress Cracking (ESC) 

Another failure mechanism that can affect implanted polyether 
polsoirethanes has been termed environmental stress cracking (ESC). 
This is the generation of deep crazed cracks (see Figure 12) in response 




2000 1800 1000 1 400 1300 1000 800 



Figure 11. FTIR spectra comparing unimplanted Pellethane 2363-80A (top) with micro- 
cracked, tissue contacting surfaces (center) and polsrmer degraded within a tubular speci- 
men in contact with a cobalt mandrel (bottom). Note the loss of the PTMO soft segment 
at about 1105 cm"* relative to the urethane ether at about 1075 cm"\ The loss of PTMO 
ether soft segment also affects the changes seen at about 2920 and 2850, 1730 and 1705, 
and 1401 to 1310 cm^^ 
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FigUK 12. A crazed crack in Pellethane 2363«80A typical of ESC (left) compared to 
brittle cracks resultii^ from MIO (right). 



to residual stress and exposiire to some chemical environment [40]. Tb 
be perfectly clear, the term "environmental" means that the chemical 
interactions are not yet clearly understood, and when they are, the 
mechanism can be more specifically named. At present, two theories 
have been proposed. 

ESC Due to HOCl and NO3 Released from PMNs 

Sutherland, et al, proposes that ESC is the result of hypohalous and 
nitric oxide based oxidants resulting from activation of neutrophils, 
specifically polymorphonuclear leukocjrtes (PMNs), on the surface of 
the polymer [41]. A detailed anal3rsis of their results is beyond the scope 
of this paper. However, at least one point needs to be emphasized. It has 
been well established that PlMNs disappear within three days of surgi- 
cal implant [22]. Monocytes are also present acutely, but because of 
their greater longevity, they predominate as the ma^or cell type present 
three to seven days postimplant. Monocytes migrate into the implant 
site and differentiate into macrophages, which adhere to the surface of 
the implanted polyxurethane within three days postimplant. These may 
further differentiate into foreign body giant cells on the surface of the 
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polymer. It is, in fact, the macrophage and foreign body giant cell that 
predominate on the surface of the implanted device chronically, not the 
FMN. This is important because while the reactive osxygen interme- 
diates (such as superoxide anion and hydroxyl radical) and other agents 
produced by PMNs are also produced by macrophages, hypochlorous 
acid (HOCl) is not. The transcription of myeloperoxidlase (which 
macrophages do not possess) is necessary for the production of HOCL 
Sutherland, et aL did demonstrate the presence of myeloperoxidase on 
the surface of specimens after only twenty-four hours implant. While 
we can not rule out the possibility that there were PMNs on the sur- 
face, it is also possible that the enzyme resulted from contamination of 
the surface during explant and specimen debriding at a time when a 
high population of PMNs in the adjacent tissues is to be expected. In- 
deed, in oiu" cage experiments, which preclude this probability, we have 
not seen PMNs settle on the materiaFs surface. For this and other 
reasons (including different interpretation of infrared spectra), we sug- 
gest that the proposed ESC mechanism involving the release of HOCl 
and NO3 on the surface of the specimens by PMNs is unlikely. 

ESC as a Four Factor Interaction Involving the Foreign Body Response 
Another theory to explain ESC is consistent with known inflamma- 
tory and foreign body response processes. We propose that ESC re- 
quires the interaction of at least four factors to occiur in vivo. In all 
cases, so far, shallow surface autoxidation has been present on ex- 
planted, cracked samples. This oxidation always involves the loss of soft 
segment ether relative to the urethane ether. This is most notable in 
the loss of soft segment ether stretch at about 1105 cm~^ relative to the 
urethane ether stretch at about 1075 cm"* (see Figure 11). Given that 
macrophages and foreign body giant cells reside on the smf ace of the 
implant, oxidation of the surfaces by oxygen free radicals is probable, 
possibly with some enzymatic assistance [14,21-29,31-33,39,40,42], 
Oxidation of the surface of the polymer is not enough to produce ESC, 
however. Controlled studies of Implants as a fimction of residual strain 
indicate that there is both an induction period and a critical strain, 
both symptomatic of stress cracking phenomena [40,41-45]. Factorial 
studies with Pellethane 2363-80A have demonstrated that the induc- 
tion periods and critical strains can be significantly affected by manu- 
facturing processes [40]. For example, annealing a sample to com- 
pletely remove residual stress will prevent BSC (but not surface 
oxidation), provided that subsequent stress is not imposed by and dur- 
ing implant. Controlled animal studies have demonstrated that ESC 
decreases as the ether content decreases (hardness increases) [40]. 
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Zhao, et al. have implicated certain proteins, particularly a2-macro- 
globulin or ceruloplasmin, as probable catalysts or chain transfer 
agents which appear to facilitate crack development through the ether 
soft segment in vivo [42]. More recently, Zhao has been able to generate 
ESC-like cracks without proteins in vitro using continuously generated 
O2 and *0H, at a rate probably far beyond that possible in vivo [46]. 
Granted, some of this evidence is circumstantial. For example, just 
because oxidation of the siuface has always been seen on cracked 
samples does not prove that it is a cause. It could be a result of cracking 
(since each polymer chain that breaks in tension produces two free 
radicals which can in turn generate many more free radicals, and ini- 
tiate the autoxidation reaction) [14,47,48]. Because we have found ESC 
to vary as a function of ether content, this does not assure that ether- 
free polymers that we haverft studied yet won't crack. That said, our 
most current theory indicates that in vivo ESC requires the critical in- 
teraction between surface autoxidation, residual stress (strain), ether 
linl^ges and a proteinaceous crack driver. 

If we assume that the above requirements for ESC are correct, then 
several possibilities exist for controlling or eliminating it [49], A very 
shallow barrier coating on the surface should prevent sxirface oxidation 
and ESC because oxygen free radicals could not survive long enough to 
migrate through it, and it may be a barrier to a^macroglobulin. We 
have observed that very thin coatings of materials such as silicone rub- 
ber do indeed prevent surface oxidation and ESC [40], Unfortunately, 
the adhesion of the coating in our testing was inadequate to assure 
reliability as a function of implant time. Annealing to remove residual 
stress (strain) has been a major factor in very significantly reducing 
ESC failures, but it is not 100% effective and cannot eliminate surface 
microcracking [40]. Even if the device is stress-free when it leaves the 
factory, it cannot be implanted stress-free, and the body does impose its 
own stresses. Of course, it is not possible to eliminate proteins by an- 
nealing. Thus, the one sure means of eliminating ESC (if our theory is 
correct) is to eliminate the ether linkage fix)m the poljoner, replacing it 
with one that is either oxidation resistant and/or not susceptible to in- 
teractions with crack-driving protein catalysts. 

A Comparison of ESC and MIO 

There does appear to be some confusion as to whether or not ESC and 
MIO are indeed the same mechanism. While both involve oxidation of 
the polyurethane's soft segment ether, the similarity stops there (see 
Table 1). For example, ESC occurs from the outer, tissue contacting sur- 
face of the polymer inward. It is the development of deep, rough or 
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TabiB 1. Some known and perceived factors affecting ESC 
and MIO in Implanted polyurethanes. 



ESC 


MIO 


Crazed cracks in vivo due to plastic 


Smooth cracks due to brittle deformation 


deformation 


upon drying 


Oxidized surfaces 


Oxidized bulk 


Requires cellular Interactions 


Does not appear to require cellular 




interactions 


Requires residual strain 


Does not require residual strain 


Can l3e mitigated by annealing 


Annealing of marginal to little help? 


Appears to require aa-macroglobulin, 


Requires cobalt corrosion products 


et al. to facilitate cracks in vivo 


(initiates at metal-polymer contact 




points) 


Cracks stabilize if residual stress 


Time dependent mechanism 


relieved 




Develops under fibrotic tissue 


Fibrotic tissue not required 


Can be prevented by thin silicone 


Thin silicone coating on polymer has 


barrier coating 


no effect 


Requires ether linkages 


Any organic polymer may be 




susceptible 



spiculated cracks derived from crazes which are typical of low rates of 
loading and plastic deformation (Figure 12) [50]. A craze . . is modeled 
as a collection of independent fibrils that draw from the substrate by a 
process akin to the drawing of textile fibres with necking" [51], While 
autoxidation of surfaces appears to be involved, ESC per se (deep crazed 
cracks) occurs in response to residual stresses (strains). Without the re- 
sidual strain, ESC does not occur. Autoxidation of the polymer appears 
to be limited to the tissue contacting surfaces and the crack faces* 
Autoxidation of the tissue contacting surfaces is the result of the 
foreign body response whereas that of the crack faces is certainly en- 
hanced by chain cleavage [Equation (12)] [47,48]. In contrast, MIO is in- 
itiated at the interface between metallic parts and the polymer (within 
the device) and propagates outward. It is a bulk oxidation process 
which results in deep brittle (very smooth) cracks typical of low (below 
the glass transition) temperatures and/or a high rate of loading (Figure 
12) [50]. Residual stress (strain) is not required for MIO cracking so 
that annealing may not significantly affect this mechanism. While it 
has been duplicated by soaking leads in 3% H2O2 at 37 ''C, it also has 
been observed in vivo in locations of very low oxygen tension and no evi- 
dence of a foreign body response (that is, no fibrous encapsulation, no 
cellular components on the surface). Thus, these facts combined with 
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other observations shown in Tkble 1 suggest that ESC and MIO are two 
different mechanisms, both involving oxidation (but not necessarily 
even the same oxidation mechanism). 

Mineralization 

Mineralization is the deposition of calcium containing apatitic min- 
eral on or in an implanted device. Mineralization is generally subdi- 
vided into two categories, intrinsic and extrinsic Intrinsic mineraliza- 
tion occurs within the boundaries of the biomateriaL This phenomenon 
has been observed in cardiac pacing leads only rarely. Extrinsic min- 
eralization is associated with elements of tissue that were not initially 
implanted, such as thrombus, vegetations, necrotic tissue, very thick 
fibrotic capsules, eta This is more commonly seen adjacent to leads that 
have been implanted in canines for longer periods and occasionally in 
adolescent humans. 

The generally accepted theoretical mechanism for extrinsic mineral- 
ization is that cellular debris, surface defects, and/or relatively thick 
fibrous encapsulation of the device lead to nucleation of calcium 
phosphate deposition [20]. The salt deposits grow with time and even- 
tually are transformed into apatite-like mineral. The extent of min- 
eralization has been attributed to numerous factors. For example, the 
patient's age, but not necessarily the patient's inmiunological status 
appears to be important. Thus, devices implanted in pediatric patients 
run a relatively high risk of mineralization. Trapped and degraded 
cells in fibrous capsules can initiate mineralization if phagoqrtes are 
unable to reach and remove cellular debris. Factors such as cyclic 
stress, however, do not appear to be a significant part of the mechanism. 
As a result, the accepted means of screening polymers for mineral- 
ization is subcutaneous implant in adolescent rats [52]. 

A NEW FOUrCAKBONATE FOUTURETHANE 

A new polycarbonate pol3rurethane (see Figure 5) has excellent physi- 
cal properties as shown in Tsible 2. It compares very favorably with its 
analogous Pellethane elastomers. ChronoFlex ALSSD has a property 
that makes it very interesting for possible use in implantable cardiac 
pacing leads. Cardiac pacing leads must be advanced through portions 
of the venous system before final placement of the electrodeCs) within 
the heart's right atrium or ventricle. A somewhat stiffer lead facilitates 
this maneuvering. Once placed, however, the lead should be as flexible 
as possible to reduce the risk of penetrating the myocardium, or dis- 
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lodging the tip. In the aromatic polyurethanes, hardness correlates (ap- 
proximately) with elastic modulus. However, the same hardness in the 
aliphatic polywethanes produces a lower elastic modulus. Molded 
ChronoFlex A155D has an elastic modulus similar to Fellethane 2363- 
90A, which is stiffer than Pellethane 2363-80A but more flexible than 
Fellethane 2363-55D. ChronoFlex A155D softens significantly after im- 
plant, becoming more like Fellethane 2363-80A in flexibility (see Table 
3). Thus, this new polymer offers important property advantages for 
flexible implantable devices^ but only if it is proven to be adeqiiately 
biostabla 



Hydrolytic Resistance 

The hydrolytic stability of rigid polycarbonate is probably due to its 
low water permeability, which is attributed to the rigidity of the 
polymer chains. Increasing the flexibility of chains by copolymeriza- 
tion can increase water permeation and lower the stearic requirements 
for hydrolysis. Thus, polyethylene terephthalate (PET, a close relative 
of polycarbonate) is less hydrolytically stable under more severe, non- 
physiologic conditions than poljrcarbonata Under pl^iologic condi- 
tions, however, PET is considered to have adequate hydrolytic stability 
for extensive use in implanted woven or knitted fabrics. However, it is 
not a ^'given** that a polycarbonate polyurethane will be hydrolytically 
biostable, so this must be proven. So far, ChronoFlex AL55D has dem- 
onstrated no indications of hydrol3i;ic degradation at all in our long- 
term in vivo qualification tests. 

ESC Resistance 

Since ChronoFlex A155D can be considered ether-free, it should be 
ESC resistant if our theory is correct. A test has been designed to accel- 
erate ESC in vivo using excessive strain as the accelerant [40]. Ex- 
truded tubing is stretched over 0.5 inch lon^ dumbbell shaped man- 
drels to 400% elongation. The strain is fixed at the ends with polyester 
suture. Other samples are mounted without stretching over similar 
mandrels while some unstretched tubing samples are filled with 
Medical Adhesive to keep pressiure applied by tissue from collapsing it 
and imposing uncontrolled strain. Other specimens may be prepared 
using different compositions or manufacturing processes, such as an- 
nealing, solvent extraction, extrusion conditions, different strains, etc. 
The experimental specimens are implanted with controls in the dorsal 
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Figure 13. SEM micrographs showing typical twelve week ESC results of 400% elon- 
gated, tinannealed ChronoFlez AL55D Qeft) and unannealed Fellethane 2363-80A 
(right). 



subcutis of rabbits. Specimens are typically explanted at twelve weeks 
for screening studies, but some implants have continued for as long as 
two years. Six months appears to be evolving as a standard [53]. 

The polycarbonate polyurethane, ChronoFlex AL55D» exhibits no evi- 
dence of ESC at all in our twelve week screening test, even at 400% 
elongation, unannealed (Figure 13). Unannealed Bellethane 2363-80A 
is severely degraded in this test, however. Other polymers that have 
demonstrated equivalent or worse ESC degradation in this test include 
Ibcothane 80A (structurally similar to Pellethane 2363-80A), 
Surethane (apparently structurally similar to Biomer)*, and TbcoFlex 
EG80A. While Pellethane 2363-55D is rather stiff for cardiac pacing 
leads, it is used because of its improved biostability (typically no ESC 
is seen in the twelve week test). TbcoFlex EG60D shows no ESC in 
twelve weeks at lower elongations (^300%), but does crack at 400% 
elongation. Thus, ChronoFlex AL55D appears to have excellent ESC 
resistance in screening tests, as do some of the stiffer polyether 
pol3mrethanes. 

In eighteen month implants, unannealed ChronoFlex A155D contin- 
ues to show no signs of ESC at 400% elongation (Figure 14). In compari- 
son, about 50% of annealed 400% elongated Pellethane 2363-80A speci- 
mens develop shallow microcracking (Figure 14). This is usually not 
accompanied by the deep cracks seen in the unannealed polymer 
(Figure 13). Under the same conditions, PBllethane 2363-55D speci- 
mens also typically exhibit no ESC in eighteen months, as shown in 



Biomer* is a registered trademark of Cardiac Control S^ystems. 
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Figure 14. Thus, our preliminary conclusion is that the aliphatic 
polycarbonate polyurethane, ChronoFlex AL55D, is at least equivalent 
(and possibly superior) to its aromatic Shore 65D polyether analogues 
and has superior mechanical flexibility. 

MIO Resistance 

In vitro screening tests have been done by immersing metal conduc- 
tor coil/tubing subassemblies (resembling cardiac lead bodies) in 3%, 
37 °C H2O2 in polyethylene or other nonreactive containers [54]. The 
H2O2 is changed three times per week to assure activity. The transition 
metals, cobalt and molybdenum, produce severe degradation of 
Pellethane 2363-80A and Surethane (Biomer). Cobalt and molybde- 




(c) 



Figure 14. S£M micrographs showing typical eighteen month ESC results of 400% elon- 
gated polyurethanes: (a) ChronoFlex AL55D-typical of all surfaces, (b) annealed 
Bellethane 2363-80A- shallow cracks found on some surfaces, (c) annealed Pellethane 
2363-55D. 
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Figfure 15. SEM micrographs showing the lumen surface of tubing after eighteen 
months implant in the presence of cobalt rod: (a) ChronoFlex AL55D-t3rpical of all 
samples. The stripes are deposits between the grooves in the mandrel. There are no 
cracks; (b) Fellethane 2363-80A-typical c^some surfeices; and (c) F^llethane 2363-555D. 



num bearing alloys produce slower and less severe damage. Thinner 
polyether polynrethane tubing walls produce faster degradation, and 
MIO tends to decrease as the polymer's hardness increases. Pellethane 
2363-55D, therefore, experiences less damage over a longer period of 
time than P80A for a given thickness in these tests. However, P55D is 
not immune to MIO, especially if used in thin sections. In this type of 
in vitro test, ChronoFlex A155D has exhibited no MIO at all in the pres- 
ence of MP35N or platinum coated MP35N (both used in wires in 
cardiac pacing leads). 

In vivo, polyurethane MIO has only been seen to occur in the presence 
of cobalt and cobalt bearing alloys. Thus, pure cobalt mandrels have 
been used to accelerate in vivo MIO. Extruded tubing was placed over 
0.5 inch long Co mandrels and controls. Strings of specimens were im- 
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planted in the dorsal subcutis of rabbits, then were explanted as a func- 
tion of time for microscopic examination and other analysis (such as 
FTIR, GPC molecular weight distribution, etc). About 50-*60% of 
Pellethane 2363-80A specimens demonstrate microscopic evidence of 
MIO within twenty-four months implant. So far, no MIO has been ob- 
served in ChronoFlex AL65D figure 15). 

Implanted Microtensile Specimens 

There has been no evidence of degradation after eighteen months im- 
plant of 0.025 inch thick ChronoFlex AL55D microtensile specimens in 
the subcutis of rabbits. Completely reversible mechanical changes due 
to the absorption of a small amount of moisture have been noted. No 
evidence of mineralization was seen in subcutaneous implants in 
adolescent rata 

Implanted Cardiac Facing Leads 

After eighteen months implant, ChronoFlex AL55D insulated leads 
have excellent durability as far as can be told from noninvasive tests. 
It will require completion of the two year tests to determine how they 
compare with the implanted Pellethane 2363-80A control devices. 

SUMMARY AND CONCLUSIONS 

Polyurethane elastomers have property combinations that make 
them uniquely suited for use in long-term implanted biomedical de- 
vices. While certain polyether polyurethanes have been used success- 
fully as neiurologic and cardiac pacing lead insulation and connector 
modules for nearly twenty years, some problems have occurred. The 
softer versions are susceptible to in vivo stress cracking and oxidative 
phenomena. While the more rigid polymers are more biostable, they 
are also too stiff for many needed devices. Polyester polyurethanes, 
such as those used until only recently as coverings for implanted breast 
prostheses are subject to hydrol3rtic degradation. Therefore, until a 
means can be found to assure greater biostability in the sdter grades 
of polyurethane elastomers, their tremendous potential will not be 
reached. While durable, small, slippery, tough cardiac and neurologic 
pacing leads can be made from polyether polyurethanes, their use in 
other devices such as leaflet valves and small diameter vascular grafts 
have not been successful. Significant progress is being made to com- 
pletely understand ESC and MIO failure mechanisms with the goal of 
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developing more biostable materials. At present, at least one new 
polycarbonate polyurethane offers great promise as a long-term 
biostable elastomer with superior mechanical and biologic properties. 
If it does indeed continue to exhibit the excellent performance seen so 
far in qualification studies, then a new age of biomedical device devel- 
opment will become possible. 
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